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Introduction

Recently, there has been considerable interest in y-TiAl based titanium aluminides as light-weight
structural materials, particularly in the aerospace industry where they are under consideration for gas-
turbine engine applicatoins. As they are candidate materials for elevated temperature use, an under-
standing of their fatigue and fracture properties at temperatures comparable to operating conditions is
essential. In this regard, an anomalous temperature dependence of fatigue-crack propagation and the
fatigue threshold (AKmm) has been reported for y-based alloys between 25° and 800-850°C in the air
environments (1-5). Specifically, near-threshold growth rates are lower at 800° C and higher at 600°C
compared to room temperature; similarly, thresholds are highest at 800°C and lowest at 600° C, with
25°C behavior in between. Based on observations that the effect is less striking in vacuo compared to
air, Larsen et al. (5) attributed such behavior to environmental embrittlement and a lack of ductility at
intermediate temepratures (on the assumption that AKry should increase with increasing temperature in
the absence of embrittlement). Since this latter assumption is questionable, we consider here the role of
crack-surface oxidation and its tendency to retard crack-growth rates, particularly at near-threshold
levels, via crack-tip blinting and shielding by oxide-induced crack closure. In this study, the role of this
mechanism on fatigue-crack growth rates in y-based titanium aluminides is evaluated as a function of
temperatue, and an alternative explanation is presented for the anomalous temperature dependence of
the near-threshold fatigue behavior.

Experimental Methods

The intermetallic material studied was an XD™ processed Ti-47.4A1-1.9Nb-0.9Mn (at.%) alloy con-
taining ~1 vol.% TiB; particles (6). Following casting and hot-isostatic pressing at 1260°C and 172
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Figure 1. Optical micrograph of the XDTM-processed Ti-47.4A1-1.9Nb-0.9Mn (at.%) alloy containing ~1 vol.% TiB; particles,
heat treated to a fine lamellar (y + ) microstructure with ~30 vol.% equiaxed vy grains along lamellar colony boundaries
(etchant: 2% HF, 5% H,PO,).

MPa (4 hr), the microstructure consisted of fine lamellar (y + o) colonies, ~120 um in size, with ~30
vol.% of equiaxed v grains, of average diameter ~23 um, present along lamellar colony boundaries
(Fig. 1). The TiB, phase was present as blocky particles, (1-5 um in size), and needle shaped particles,
(~20-50 pm long, 3-5 pm in diameter).

Fatigue-crack propagation tests were conducted using disk-shaped compact-tension DC(T) speci-
mens (27 mm wide by 5 mm thick), which were cycled in air at 600° and 800°C, i.e., below and above
the ductile-to-crittle transition temperature (DBTT) for y-TiAl, ~700°C (7). Fatigue tests were per-
formed at 10 Hz (sine wave) under under automated stress-intensity (K) control, in general accordance
with the procedures described in ASTM Standard E647. Crack-propagation rates were measured as a
function of the applied stress intensities, AK = Knax — Kmin, at constant positive load ratios of R = 0.1
and 0.5, defined as the ratio of the minimum to maximum stress intensities in the loading cycle
(R = Kmi/Kmax). Load shedding at a K-gradient of -0.1 through-0.07 mm™ was used to approach the
fatigue threshold, AKry, which was defined where growth rates did not exceed ~10"'" m/cycle. Crack
lengths were continuously monitored using load-line based compliance methods and via optical obser-
vation through a sapphire port in the furnace using a high-resolution telescope. Good agreement, to
within +£200 pum, was obtained beween compliance and telescopic measurements. Corresponding re-
sults at 25°C for the same alloy are included for compison (8).

An attempt was made to directly measure the extent of crack closure by estimating the closure stress
intensity, K, corresponding to the load where first deviation from linearity occurred with respect to
displacement on unloading, Where closure occurs, an effective (near-tip) stress-intensity range, AKqs =
Kmsx — Ka, can be defined when Ky = K, (9). However, as the remoteness of measurement at elevated
temperatures made precise definition difficult, estimates for Ky were instead calculated from oxide
thickness measurements. Auger spectroscopy in combination with focused-ion beam sputtering were
used to measure the total oxide thickness on the fracture surfaces after final fracture. The sputtering
rate for this alloy was calibrated by using a profilometer and a 1000 A thick tantalum-oxide film in
conjunction with the spectroscopy. X-ray diffractometry, at grazing incident angles of 1°, 5° and 35°,
was used to determine the consitituents of the oxide films. At 800°C where the oxide scales were
approaching micrometer dimensions, measurements were made on nickel-plated metallographic sec-
tions, machined perpendicular to the fracture surfaces of fatigue surfaces of fatigue cracks arrested
at AKm.
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Figure 2. Variation of fatigue-crack propagation rates, da/dN, with temperature (25°, 600° and 800°C) at (a) R = 0.1 and (b)
R =0.5 in the XD™-processed Ti-47.4A1-1 9Nb-0.9Mn (at.%) alloy containing ~1 vol.% TiB, particles. Note how the fatigue
thresholds are lowest at 600°C and highest at 800°C, with 25°C data in between.
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Results and Discussion

Rates of fatigue-crack propagation at 25°, 600° and 800° C in air are shown in Fig. 2 for load ratios of
0.1 and 0.5. It is apparent that the fastest near-threshold growth rates (<107 m/cycle) and lowest AKxy
values were measured at 600°C, just below the DBTT for TiAl, whereas the slowest near-threshold
growth rates and highest thresholds were observed above the DBTT at 800° C; behavior at 25°C was
intermediate. As noted above, this anomalous variation in fatigue-crack growth rates with temperature
is a characteristic of many y-TiAl alloys (1-5). It is known that this phenomenon is effectively sup-
pressed for crack growth in vacuo (5); the present study further indicates that it is more pronounced at
R=0.5 compared to 0.1 and is absent at higher growth rates above ~5 x 10* m/cycle (Fig. 2).

An explanation for this effect proposed by Larsen et al. (1,2,5) is that since AKmy thresholds would
normally increase with increasing temperature (in the absence of environmental effects), the data at
600-650° C are “anomalous” due to some unspecified environmental embrittlement at this temperature.
In addition, it has been suggested that the effect is related to the increase in ductility above the DBTT
at 800°C (3,4). However, most models for intrinsic fatigue-crack growth imply that growth rates
should increase, and AKmy should decrease, with increasing temperature (e.g., the simple crack-tip
opening displacement model (10) where growth rates are inversely proportional to the yield strength
and modulus). Accordingly, a much more probable explanation is that the 800°C data are
“anomalous”, particularly since the experimental data (5) in vacuo show that thresholds decrease with
temperature.

To explain any anomaly in the 800°C data, we note that the effect is most prevalent at near-threshold
levels, which suggests a prominent role of crack closure; moreover, since high-temperature air envi-
ronments are involved, a likely candidate is closure induced by oxidation products (11). To evaluate
the influence of oxide-induced crack closure (OICC) at the temperatures in question, Auger spectros-
copy was used in combination with sputtering techniques and metallography to measure the peak
thickness of the oxide deposits on the fatigue fracture surfaces as a function of temperature and load
ratio (Table 1).

Since OICC, in the form of premature contact of the crack surfaces on unloading, may be considered
to be active when the peak oxide thickness is comparable with the minimum crack-tip opening dis-
placement (CTOD.,) in the loading cycle, these data strongly suggest that closure is significantly more
active at 800°C than at 25° C and 600°C. However, it is the excess oxide volume inside the crack al-
lowing for the conversion of metal that is important in this comparison (12). To compute these values,
it is necessary to know the prevailing oxidation reaction(s). Using X-ray diffractometry to identify the
oxide constituents, it was found that TiO» and Al,O; exhibited the strongest characteristic peaks at both
600° and 800°C, indicating that TiO; and ALO; occupy the largest mole fraction of the oxide layer;
smaller amounts of TiN, Ti;AIN, pure Ti and MnO, were also detected. To determine the thickness of
excess material on the fracture surfaces, the volume ratio of oxide to metal of an oxidation reaction,

TABLE 1
Total Thickness of Oxide on Fatigue Surfaces, Estimated CTODmi,, and Excess Oxide Thickness at
25°-800°C in Air at AKy

25°C £00°C 300°C
. €CXCess . EXcess - excess
[ kness, .
thickness, CTODwia hic ! thickness, CTODun thickness. thlcnmess CTODmin thickness,
nm nm d nm m nm dnm nm d nm
R=0l1 17410 2.5 13 230+ 12 4 175 726+ 81 11 552

R=05 22+8 154 i7 120+ 10 170 91 266+ 11 430 202
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i.e., the Pilling-Bedworth (P-B) ratio (13), was determined. To simplify the analysis, reactions which
only consider the formation of TiO; and AL;O;, were used to approximate the actual P-B ratio:

Tl}AI + 202 - 2T102 + TiAl and 2T13Al + 15/202 e 4 6T102 + AIzO;

These reactions represent upper and lower bounds for the P-B ratios, which have values of 1.56 and
1.14 respectively. Since the oxide layer may have resulted from several reactions simultaneously, the
bulk P-B ratio was taken as the average balue of 1.32 in order to calculate excess oxide thicknesses.
These thicknesses are compared with corresponding CTODr,;, values at AKty in Table 1 to give a clear
indication of the relative effects of OICC over the temperature range in question.

Further insight can be gained by estimating the closure stress intensities, K, by assuming that the
oxide is a rigid wedge inside the crack (12), viz:

Ky=—to>td (1

i)

where d is the peak excess oxide thickness, 2/ is its location behind the tip, £/(1-v®) is the effective
Young’s modulus in plane strain, and v is Poisson’s ratio. From Eq. 1, values of Ky at 25° and 600°C
were estimated, respectively, to be 0.3 and 3.1 MpaVm at a load ratio of 0.1 and ~0.3 and 1.6 MpaVm
at R = 0.5. At 800°C, K, values were considerably greater with corresponding estimates being, respec-
tively, 9.8 and 3.6 MpaVm at load raios of 0.1 and 0.5.

From these considerations, it is apparent that the role of OICC at 25°C is small (e.g., Ko < Ko at
low R); indeed it is essentially negligible at R = 0.5 where d << CTODpi. At 600°C, the role of OI1CC
is still relatively minor, as d < CTODnia at R = 0.5; even at R = 0.1, Ky values are still only a small
fraction of Knex1n, I.€., Ko/Kmaxtn < 0.39. However, at 800°C, the extent of crack-surface oxidation is
extensive, d >> CTODmi» at R = 0.1, such that the reduction in the near-tip driving force for crack
extension due to oxide wedging is substantial (i.e., Ka/Kmax ~ 0.77 at AKyy).

Since fatigue-crack propagation can be considered as the mutual competition of intrinsic micros-
tructural damage mechanisms ahead of the crack tip, which promote crack advance, and extrinsic
crack-tip shielding (e.g., closure) mechanisms, behind the tip, which act to impede it (15), we conclude
that the anomalous temperature effect on the near-threshold fatigue of y-TiAl based alloys results
directly from this interplay. Indeed, if the crack-growth rates in Fig. 2 are replotted as a function of
AK . after “correcting” for such closure (Fig. 3), the anomalous temperature dependence disappears.
Rather than growth rates being accelerated (and AKry thresholds lowered) at intermediate temperatures
due to some unspecified environmental embrittlement (1,2,5) and a lack of ductility below the DBTT
(3,4), it is proposed that as the intrinsic fatigue resistance decreases with increasing temperature (as
seen in vacuo (5)), growth rates are instead retarded (and AKt increased) at 800°C due to the substan-
tial effect of crack closure from the wedging of crack-surface oxidation producs. This explanation is
consistent with the in vacuo results (5), all oxidation data (Table 1), and simple intrinsic models for
fatigue-crack growth (10). Moreover, the sudden onset of threshold behavior at high growth rates,
shown by the 800° C data (Fig. 2), is very characteristic of the cessation of crack growth due to thermal
oxide wedging (e.g., (16)).
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Figure 3. Variation of fatigue-crack propagation rates, da/dN, at R = 0.1 with the effective stress-intensity range (AKer = Kpax -
Ka) in the XD™-processed Ti-47.4A1-1.9Nb-0.9Mn (at.%) alloy containing ~1 vol.% TiB; particles. Note how after “correcting”
for crack closure, the “anomalous temperature effect” on fatigue thresholds disappears.

Conclusions

Based on a study on the fatigue-crack growth behavior at R = 0.1 and 0.5 between 25° and 800°C in a
v-TiAl based XD™ Ti-47.4A1-1.9Nb-0.9Mn (at.%) alloy (with ~1 vol.% TiB; particles), with a fine
lamellar microstructure, the following conclusions can be made:

1. An anomalous temperature effect on fatigue-crack propagation rates is confirmed in that growth
rates are found to be lower at 800° C, yet higher at 600° C, than at 25° C; similarly AKmy thresholds
are highest at 800°C and lowest at 600° C, with room temperature behavior in between. The effect,
however, is only seen in air environments and predominates at near-threshold levels below
~5 % 10" m/cycle.

2. Rather than being associated with some unspecified embrittlement at 600°C, the effect is ascribed
to a dominant role of oxide-induced crack closure at 800° C, which retards near-threshold crack
growth rates and results in a premature arrest of crack growth at a higher AKmy threshold value.
This explanation is consistent with results in vacuo, Auger spectroscopy measurements of crack-
surface oxidation debris, and simple intrinsic models for fatigue-crack growth.
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